From studies employing the techniques of manometry, Clifton (1950) has further developed the concept first enunciated by Kluyver (1930 Kluyver ( , 1931 ) that the energy resident in a substrate molecule would not provide a propitious criterion for predicting the extent of its assimilability by the bacterial cell. He noted, for example, the same degree of assimilation with the monobasic organic compounds, lactate and pyruvate, despite the greater free energy of oxidation of the former; likewise with the dibasic compounds succinate and fumarate, oxidation was accompanied by the same amount of assimilation, although the reaction in the first instance is attended by a greater free energy change (Clifton and Logan, 1939).
modynamics.
In this paper is described a series of experiments designed to test the validity of the Kluyver concept as extended by Clifton.
EXPERIMENTAL PROCEDURES
Escherichia coli (K-12) , an organism capable of utilizing any one of a number of carbon substrates as the sole source of carbon and energy, was employed throughout the experiments. Experiments with washed cells were first performed in order to obtain or to verify equations for the oxidative assimilation of the sugar substrates by the organism. In these experiments the bacterial cells were grown on nutrient agar in Kolle flasks at 35 C for 20 hours. The cells were harvested in M/15 phosphate buffer (pH 7.2) and filtered through a glass wool pad to remove agar particles. Following centrifugation the washed cells were resuspended in pH 7.2 phosphate buffer to give a concentration of approximately 1.5 X 1010 celLs per ml. Manometric experiments were carried out at 30 C as previously described (Siegel and Clifton, 1950) .
In growth studies in synthetic media the role of possible adaptation was ruled out by prior cultivation of the organisms in the presence of the specific sugar to be studied. Solutions of D-glucose, D-lactose, or L-arabinose were made up in distilled water and later added to an equal volume of the basic salt solution employed in the previous study (Siegel and Clifton, 1950) .
In preliminary growth asimilation studies 0.1 ml of a 20-hour culture in nutrient broth incubated at 35 C was added to 30 ml of a M/20 sugar basic salt medium in a 200-ml Erlenmeyer flask. The inoculated flasks were then shaken vigorously in a mechanical shaker for 24 hours at a constant air temperature of 30 C. At 0, 6, and 24 hours, 1-ml samples of the suspension were removed and the amounts of bacterial growth measured turbidimetrically with the KlettSummerson photoelectric colorimeter; the increase in bacterial carbon was determined by the Van Slyke-Folch method (1940) . Turbidity readings were converted into actual bacterial numbers with the aid of a standard curve previously prepared. Clifton and Logan (1939) and Siegel and Clifton (1950) have shown that oxidative synthesis occurs in similar measure in both suspensions and cultures of E. coli. Clifton (1937) has also obtained good carbon recoveries in aimilation studies using washed celLs with glucose and glycerol as substrates. This study, however, primarily deals with assimilation by young, growing cells, since preliminary trials indicated that more reproducible carbon balances were obtainable with them than with washed suspensions in buffer. It is possible that with large numbers of resting cells the element of diffusion of excess synthesized material out of the cell into the medium may account for the at times inconsistent results.
The cultures were incubated at 35 C in the single sugar basic salt medium, the sugar being the one specifically under consideration. After 16 hours under these conditions the cultures were diluted 1:10 in the synthetic medium. Manometric experiments and carbon determinations were then carried out as previously described.
EXPERIMENTAL RESULTS
The experiments performed with washed cells to obtain equations for the oxidative assimilation of the sugar substrates by the organism gave the results shown in table 1. These values, in accordance with the reasoning of Barker (1936 ), Giesberger (1936 , and Clifton (1937, 1946) , lead to the following equations for the oxidative assimilation of the three sugars: C6H1oO5 + 302 -2(CH20) + 3C02 + 3H20 C6H1206 + 302 3(CH20) + 3C02 + 3H20 C12H2011 + 602 6(CH20) + 6C02 + 5H20
The influence of the composition of the culture medium on the enzymatic activity of microbial cultures has been analyzed by numerous investigators (Gale, 1950] ENERGY RELATIONSHIPS IN CARBOHYDRATE ASSIMILATION 575 1943), and it has become increasingly evident that the production of a given enzyme may be greatly stimulated when the substrate that it attacks is a constituent of the culture medium. Before study of the quantitative aspects of assimilation, a comparison of the relative rate and extent of growth in the presence of the various sugars was undertaken, with the results shown in table 2.
The results recorded in table 2 indicate that growth is most rapid at first in glucose and least rapid in arabinose. Growth increases in the latter medium as well as in lactose until at the end of 24 hours these cultures show a greater total increment than in glucose, the bacteria in the arabinose medium in particular showing a marked increase in number. The total increase in carbon content was (Monod, 1942 (Monod, , 1947 (Clifton, 1937) as indicated in manometric studies lend credence to the concept of oxidative assimilation, they do not wholly confirm it. The experimental demonstration of actual assimilation by the bacterial cell would provide further support for this postulate. Winzler (1940) demonstrated an increase in the reducing sugar content of yeast during the course of the oxi-dative assimilation of acetate; van Niel and Anderson (1941) noted that the production of equimolar quantities of carbon dioxide and ethanol in the fermentation of glucose by yeast accounted for only 70Gper cent of the depleted sugar; Pickett and Clifton (1943) and Swanson and Clifton (1948) have succeeded in establishing carbon balances for a pure strain of Saccharomyce8 cereviae in a glucose medium, and Siegel and Clifton (1950) (3) where AH is the heat of combustion, the maximum energy available to the cell for useful work can be described accurately only in terms of the free energy of the oxidative process. At constant temperature and pressure the two quantities AF and AH are related to one another by the fundamental thermodynamic equation AF = AH-TAS (4) where T is the absolute temperature and AS is the entropy of the system under consideration. AH and AF are negative when heat and free energy, respectively, are liberated. The standard free energies of formation of CO2 and H20 are -99,060 and -56,560, the respective heats being -94,052 and -68,317 cal. Here the C02 is considered to be at 0.0003 atmosphere and 02 at 0.2 atmosphere pressure. These values and those of the other compounds concerned are listed in table 4. The entropy of formation from the elements of each compound was calculated by the use of the values 1.36 (Jacobs and Parks, 1934) , 31.23 (Giauque, 1930) , and 49.03 (Giauque and Johnson, 1929) entropy units (cal deg.-') per mole of carbon, hydrogen, and oxygen, respectively. The free energy of formation of arabinose was calculated from the heat of combustion (International Critical Tables, 1929) and the entropy value from the difference between its S298 and the corresponding values for the entropies of the elements contained therein (Parks and Huffman, 1932) . The free energy of formation of lactose was derived from the latest experimental findings of Anderson and Stegeman (1941) . Until fairly recently the free energy of lactose was determined from the heat of combustion (International Critical Tables, 1929) and the entropy of glucose (Parks et al., 1929) , the entropy of the disaccharide hexose unit and of glucose being assumed to be almost identical (Burk, 1929 The values for AF of oxidation as calculated according to the above scheme are -592,817 for arabinose, -709,300 for glucose, and -1,381,280 cal for lactose.
The free energy of combustion of a sugar by the bacterial cell (at 30 C) will not be exactly as given above, although of a quite similar order of magnitude, since the values generally employed in the computations for both reactants and products are referrable to the standard state at 25 C. However, tlke free energy corrections for concentration and for a temperature range of 5 C are not much greater than the uncertainty of some of the experimentally determined values and, moreover, amount to but a small fraction of the total free energy change. Hence, for purposes of this discussion, corrections for concentration and temperature will not be considered.
In the manometric observations on the cellular oxidation of the sugars, it was noted (see table 1) that the oxidations did not go to completion. The free energy of any one reaction would then be some fraction of that obtaining in the total [voL. 60 oxidation. Exactly what this fraction would be cannot be determined since the amounts and natures of the intermediates formed in the reaction are not known. As a first approximation, the AF for the reaction of oxidative assimilation may be ascribed only to that part of the reaction which has gone to carbon dioxide and water, it being assumed that the AF of the hypothetical (CH20) assimilatory product is the same in all cases. Although this approximation is admittedly arbitrary, its use for comparative purposes may not prove too inept. On this assumption we can write for the equations based on manometric data that C5H1005 + 302 2(CH20) + 3C02 + 3H20;AF = -355,690 (5) C6H1206 + 302 > 3(CH20) + 3C02 + 3H20;AF = -354,650
C12H22011 + 602 ) 6(CH20) + 6C02 + 5H20;AF = -690,640
(7) It seems most likely that the energy set free during the oxidation of the substrate is probably released in parcels of a definite size, a step at a time, with the bulk of the energy being released by the interaction of the oxidative systems (Ball, 1944) . Whether the energy released at each one of these steps is capable of being harnessed for work by the cell or whether the cell can further subdivide these parcels of energy for its own use is unknown. During the course of some of these steps energy may appear in a low-grade form (heat) incapable of accomplishing much work, or may possibly be wasted in its entirety. Most of the information we possess concerning energy utilization revolves around the high energy phosphate bond (--ph) formed in glycolytic or oxidative foodstuff disintegration reactions. And it is becoming increasingly evident that in all cells there exists a propensity to convert the major part of available oxidation-reduction energy into phosphate bond energy (Lipmann, 1941) . Ochoa (1943) found that during the oxidation of carbohydrate by muscle as many as 6 --,ph could be formed for each molecule of oxygen consumed. Accepting 12,000 calories as the energy necessary to form such a bond (Lipmann, 1941) and the possibility, on the basis of the number of moles of oxygen actually consumed, that during oxidative assimilation there would be formed 18 --ph for arabinose or glucose and 36 for lactose, this total phosphate bond energy in the oxidation of the substrates would then amount to 216,000 cal for arabinose or glucose and 432,000 for lactose. Thus the energy stored in high energy phosphate bonds as a result of the lactose oxidation would presumably be twice as great as that of either glucose or arabinose, the oxidation of the latter two resulting in -ph bond formation of equal extent per mole of substrate oxidatively assimilated. From considerations of the possible contribution of phosphate bond energy to the endergonic reactions of the cell it could be expected that the extent of synthesis would be greatest in cells active in a lactose medium and equal in either a glucose or arabinose milieu. The same conclusion would be reached from a consideration of the free energy changes in the reactions of oxidative synthesis (equations 5 to 7), the AF's being almost equal for glucose and arabinose and greatest for lactose. Yet as shown in table 3, the proportional increase in stored carbon with growth is greatest with arabinose as substrate, less with glucose, and least with lactose; re-sults that would certainly not be anticipated from the standpoint of the energetics of the systems concerned.
The process of assimilation is one in which certain calculations may be made concerning efficiencies of energy utilization. Baas-Becking and Parks (1927) considered a process in terms of its free energy efficiency based on the ratio of the free energy increase of the products to the free energy decrease in the reaction. Although this quotient is representative of the over-all efficiency of a process, it is not amenable to application with the experimental data at hand. An efficiency increase in cellular carbon coefficient modified from Foster (1949) and defined as substrate carbon consumed
gives the values presented in table 5. Arabinose, on the basis of the economic coefficient of synthesis, is most efficiently utilized by E. coli and lactose the least.
As for energy involved in maintenance, there is little evidence as to its magnitude or the reactions involved (Goddard, 1948) . Since only young growing cultures are dealt with (expt. C), little concern need be placed on energy of mainte- Terroine (1922) and Terroine and Wurmser (1922) , the true efficiency coefficient in such a situation is independent of maintenance energy.
In the situation where the energy derived from the oxidative process accumulates in the energy-rich phosphate bond, the organisms would be able to utilize all three substrates about equally effectively. This is borne out in This is attributed to the production of intermediates during the degradation of arabinose, which are more readily fitted into the patterns and arrangements of protoplasmic structure than are those produced from glucose or lactose. Thus, though a smaller yield of energy is derived from respiration during growth in arabinose, it is either more effective for synthesis than that stemming from lactose from which the energy produced by the respiring cells is twice as great per mole of sugar utilized, or arabinose or its dissimilation products are asimilated more readily.
The Kluyver concept as extended by Clifton and others thus seems to be experimentally established for at least the three carbohydrates covered in this investigation. From other studies in progress it appears to be applicable to assimilation of organic substrates generally.
